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Abstract
Absorption of photons by pigments in photoreceptor cells results in photoisomerization of the chromophore, 11-cis-retinal, to
all-trans-retinal and activation of opsin. Photolysed chromophore is converted back to the 11-cis-configuration via several
enzymatic steps in photoreceptor and retinal pigment epithelial cells. We investigated the levels of retinoids in mouse retina during
constant illumination and regeneration in the dark as a means of obtaining more information about the rate-limiting step of the
visual cycle and about cycle intermediates that could be responsible for desensitization of the visual system. All-trans-retinal
accumulated in the retinas during constant illumination and following flash illumination. Decay of all-trans-retinal in the dark
following constant illumination occurred without substantial accumulation of all-trans-retinol or 11-cis-retinol, at a rate
approximately equal to visual pigment regeneration (t1:25 and t1:27 min, respectively). All-trans-retinal, generated by constant
illumination, decayed 3 times more rapidly than that generated by a flash and, as shown previously, the rate of rhodopsin
regeneration following a flash was 4 times slower than after constant illumination. The retinyl ester pool (\95% all-trans-
retinyl ester) did not show a statistically significant change in size or composition during illumination. In addition, constant
illumination increased the amount of photoreceptor membrane-associated arrestin. The results suggest that the rate-limiting step
of the visual cycle is the reduction of all-trans-retinal to all-trans-retinol by all-trans-retinol dehydrogenase. The accumulation of
all-trans-retinal during illumination may be responsible, in part, for the reduction in sensitivity of the visual system that
accompanies photobleaching and may contribute to the development of retinal pathology associated with light damage and aging.
© 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
A cascade of enzymatic reactions in photoreceptor
cells of the retina converts light into an electrophysio-
logical signal [1,2]. The first step of phototransduction
is the absorption of a photon by the chromophore of
the visual pigment, which causes rapid photoisomeriza-
tion of 11-cis-retinal to all-trans-retinal [3]. Cis- and
trans-isomers of the chromophore produce different
effects on visual receptors. 11-cis-Retinal, covalently
coupled to transmembrane Lys296 via a protonated
Schiff base, lowers the basal activity of opsin to unmea-
surable levels. In contrast, all-trans-retinal, bound to
opsin via a deprotonated Schiff base (metarhodopsin
II), induces transient, full activation of the receptor in
milliseconds after illumination. Ultimately, the Schiff
base is reprotonated and hydrolysed to release all-trans-
retinal, which can form non-covalent, partially active
complexes with opsin [4,5]. It is uncertain whether these
complexes are present in high concentration in 6i6o, or
whether their concentration is limited by reduction of
all-trans-retinal by all-trans-retinol dehydrogenase2 and
subsequent removal of all-trans-retinol from the outer
2 This enzyme is referred to as a retinol dehydrogenase in keeping
with conventional nomenclature. In 6i6o it catalyses the NADPH-de-
pendent reduction of all-trans-retinal.
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segment. Opsin and:or its complexes with all-trans-reti-
nal are likely to set the sensitivity of the retina during
bleaching adaptation (reviewed by Fain et al. [6]).
Restoration of the inactive receptor conformation in
vertebrates requires the formation of 11-cis-retinal from
an all-trans-precursor via a pathway of enzymatic reac-
tions called the visual cycle [3]. The first step of the
visual cycle, the reduction of all-trans-retinal to all-
trans-retinol, takes place in photoreceptor outer seg-
ments, whereas the other reactions, including the
isomerization, occur within the retinal pigment epithe-
lium (RPE) [7–9,3]. In contrast to phototransduction,
the reactions of visual pigment regeneration are poorly
characterized. With one exception [10], none of the
enzymes has been molecularly characterized, the regula-
tion of the pathway is not understood, the molecular
bases of differences in rod and cone visual pigment
regeneration are not known and the relationship of
visual cycle defects to retinal pathology has not been
examined.
In our daily lives we are exposed to continually
changing intensities of illumination, which establish
steady-state levels of bleached visual pigments through
opposing bleaching and regeneration reactions [11,12].
However, much of our knowledge of the visual cycle in
mammals has been obtained from studies employing
prolonged, intense illumination [13–18], which have
shown the transient appearance of all-trans-retinal and
a subsequent rise in the concentration of all-trans-
retinol and:or retinyl esters. As important as these
studies were in forming our concepts of the visual cycle,
they are of limited value in predicting the levels of
retinoids or opsin that would accumulate under con-
stant illumination. Knowledge of these levels would
more clearly define the chemical nature of the
molecule(s) responsible for the desensitization of the
retina that results from bleaching and would reveal the
rate-limiting step of the cycle because the retinoid that
accumulates would probably be the substrate for the
slowest reaction. The present study focuses on an anal-
ysis of the retinoids that accumulate in 6i6o in the
rod-dominated mouse retina subjected to physiological
levels of steady illumination. The results indicate that
regeneration of visual pigment is limited by the reduc-
tion of all-trans-retinal to all-trans-retinol and suggest
that complexes of opsin and all-trans-retinal could play
a role in the control of the sensitivity of the visual
response.
2. Materials and methods
All experiments involving animals employed proce-
dures approved by the University of Washington Ani-
mal Care Committee and The American Veterinary
Medical Association Panel on Euthanasia [19]. Animals
employed in these experiments were males and females
of several pigmented strains and were young adults
(ages 3–6 months).
2.1. Constant and flash illumination
Left and right eyes were collected in groups of five
and analyzed separately.
2.1.1. Dark
Animals were maintained in cages in complete dark-
ness for 6 h and sacrificed under red illumination by
cervical dislocation. The eyes were removed (less than
5 s after death), rinsed in distilled water and the muscles
trimmed. The anterior portions including the lenses
were removed and the posterior poles were collected in
foil-wrapped, Eppendorf tubes in dry ice:ethanol. The
time between death of the animal and freezing of the
tissue was approximately 60 s.
2.1.2. Flash illumination
Each animal was independently subjected to three
consecutive flashes (distance from flash, 3 cm; flash
duration, 1 ms) from a photographic flash unit (SunPak
Thyristor 433D, SunPak Division, Hackensack, NJ)
and sacrificed by cervical dislocation under dim red
illumination. The posterior poles were collected as de-
scribed above.
2.1.3. Constant illumination
Animals in cages were placed 60 cm below a pair of
20 W fluorescent lamps for 90 min, a time sufficient to
establish a steady state of visual pigment bleaching
(equivalent to 54 ft-cd cage illuminance [20]. Animals
were monitored during the illumination to ensure that
they remained active. Following cervical dislocation,
the tissue was collected in the light as described above.
2.1.4. Regeneration time course
Following flash or constant illumination, animals
were placed in the dark for the indicated times and
tissues were obtained as described.
2.2. Extraction of retinoids
All procedures involving retinoids were carried out in
red light to avoid photoisomerization and photodecom-
position. Frozen eye tissue was placed in a Duall glass–
glass homogenizer in 0.1 M MOPS, pH 6.5, 0.2% SDS,
10 mM NH2OH (1.1 ml per 5 eyes) and 0.2 pmol of
[3H]all-trans-retinol (10000 dpm) (NEN Life Science
Products, Boston, MA) was added. This amount of
retinol was not detectable by absorbance but allowed
the extraction yields to be determined for each analysis.
The sample was homogenized and incubated for 30 min
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at room temperature to allow formation of retinal
oximes. Following addition of 1 ml of ethanol and 4 ml
of hexane, the homogenate was drawn up and down in
a Pasteur pipette and centrifuged (in the homogenizer
tube) at 900g for 2 min. The upper phase was re-
moved and the extraction repeated following addition
of another 4 ml of hexane. A portion of the combined
hexane extracts was taken for liquid scintillation count-
ing and the remainder was dried with flowing argon.
The residue was dissolved in 200 ml of hexane and
analyzed by HPLC. The recovery of [3H]all-trans-
retinol was used to correct for losses during extraction.
2.3. Analysis of retinoids
Polar retinoids (retinols and retinal oximes) were
resolved with a silica HPLC column (Supelcosil LC-Si,
1504.6 mm, 3 mm particle size, Supelco, Bellefonte,
CA) equilibrated with hexane: ethyl acetate: dioxane:
1-octanol (92: 6.6: 0.8: 0.8, v:v) (modified from Landers
and Olson [21]) at a flow rate of 1 ml:min. The ab-
sorbance of the effluent was monitored simultaneously
at 325 and 350 nm. Elution profiles are shown in Fig. 1.
The isomeric composition of the retinyl ester pool
was established by HPLC analysis of all-trans- and
11-cis-retinol generated by saponification with 0.06 N
ethanolic KOH for 30 min at 55°C [22]. Saponification
of 11-cis-retinyl acetate proceeded with \95% reten-
tion of the 11-cis-configuration.
Retinyl esters were analyzed in separate determina-
tions employing the same HPLC column described
above, equilibrated with hexane. After injection of the
sample, the following program of solvent changes was
run with a flow rate of 1 ml:min (numbers are the
volume ratios, hexane:ethyl acetate): 1–10 min, 100:0;
10–20 min, 99.5:0.5; 20–35 min, 90:10; 35–50 min,
100:0. Cis- and trans-isomers of retinyl esters eluted
together at 18 min, well resolved from other retinoids
(results not shown).
2.4. Quantification of retinoids
Standard curves for all-trans-retinol and 11-cis-
retinol (at 325 nm), the syn and anti isomers of all-
trans- and 11-cis-retinal oximes (at 350 nm) and
all-trans-retinyl palmitate were generated by HPLC
analyses of varying amounts of each of the compounds.
Values of pmol per unit area were derived over linear
portions of the relationship and used with the extrac-
tion yield of [3H]all-trans-retinol to determine the
amount of retinoid in tissue extracts.
2.5. Determination of rhodopsin
For each determination, five eyes were cut in half,
homogenized (10x, glass–glass homogenizer) in 800 ml
of 10 mM BTP buffer, pH 7.5, containing 10 mM dode-
cyl-b-maltoside and 5 mM hydroxylamine (freshly neu-
tralized) and centrifuged at 14000 rpm for 6 min
(Eppendorf 5415C bench top centrifuge). The pellet was
rehomogenized as described above with an additional
800 ml of buffer and the supernatants were combined
and centrifuged at 100000g for 10 min (Beckman
Optima TLX ultracentrifuge). Spectra were recorded
Fig. 1. Chromatographic traces of retinoid separations. Retinoids
were derivatized, extracted, and analyzed by normal phase, isocratic
HPLC as described in the text. Each of the traces shown in the lower
three panels was derived from five mouse eyes. Vertical bars indicate
an absorbance of 0.05 at 350 nm. (A) Separation of known retinoids.
The identities of the resolved components are as fo1lows: 1, syn
11-cis-retinal oxime; 2, syn all-trans-retinal oxime; 3, 11-cis-retinol; 4,
anti 11-cis-retinal oxime; 5, all-trans-retinol; and 6, anti all-trans-reti-
nal oxime. (B) A typical separation of retinoids extracted from eyes of
dark adapted animals. (C) A typical separation of retinoids extracted
from eyes of animals flashed three times. (D) A typical separation of
retinoids extracted from eyes of animals held under constant illumi-
nation. Retinyl esters are not retained on the column and were
analyzed separately.
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before and after complete bleaching. The concentration
of rhodopsin was determined from the magnitude of
the decrease in absorbance at 500 nm, using an extinc-
tion coefficient of 42000 l:mol per cm.
2.6. Preparation of ROS membranes
Photoreceptor membranes were purified using a con-
tinuous linear sucrose density-gradient prepared by
pumping the output of a gradient mixer containing 5 ml
of 1.15 g:ml sucrose and 5 ml of 1.11 g:ml sucrose into
a 15 ml glass centrifuge tube. Both sucrose solutions
were buffered with 67 mM potassium phosphate, pH
7.0. Ten mice were exposed to constant illumination for
1 h or dark adapted for 3 hr. At intervals of 2 min, one
mouse was transferred to the dark and immediately
sacrificed. The retinas were removed and frozen in dry
ice:ethanol to stop metabolic processes. After thawing,
the retinas were homogenized with 2 ml of 67 mM
potassium phosphate buffer, pH 7.0, containing 5%
sucrose and 10 mM hydroxylamine (freshly neutralized)
and agitated with an Eppendorf shaker (Model 5432)
for 15 min at room temperature. The suspension (2 ml)
was layered on top of the continuous sucrose density
gradient and centrifuged for 150 min at 26000g.
ROS membranes were collected from the interface and
diluted 1:1 with 67 mM phosphate buffer, pH 7.0,
transferred to four 1.5 ml microfuge tubes (Beckman
Instruments) (1.4 ml per tube) and centrifuged at
300000g for 15 min. The supernatant was decanted
and the pellets were stored at 80°C for retinoid,
SDS–PAGE and immunoblot analyses with anti-
arrestin.
3. Results
The animals employed in these studies were pig-
mented, young adult mice of both sexes and several
strains. Each data point shown in the figures represents
five mouse eyes and n values refer to the number of
groups of five. The minimum n for reported experi-
ments is five (25 mice). The observed large variation in
the levels of retinoids can be attributed, in part, to the
use of a heterogeneous population of mice.
3.1. Analysis of retinoids
Retinals were derivatized with hydroxylamine to en-
sure complete extraction from visual pigments dena-
tured with 50% ethanol and 0.2% SDS. Retinal oximes
(both syn- and anti-isomers) and retinols were well
resolved on a silica HPLC column employing a hexane
mobile phase with dioxane, ethyl acetate and 1-octanol
as solvent polarity modifiers (modified from Landers
and Olson [21]) (Fig. 1(A)). Retinyl esters were not
Fig. 2. Quantification of retinoids and visual pigments extracted from
mouse eyes. Upper panel, dark adapted animals. Middle panel,
animals subjected to three flashes. Lower panel, animals held in
constant illumination for 60 min. The error bars are standard devia-
tions of the means.
retained on the column with this solvent and were
analyzed independently, as described below. The only
polar retinoid detected in dark adapted mice was 11-
cis-retinal (detected as the syn- and anti-retinal oximes)
(Fig. 1(B) and 2(upper)). This observation confirms
findings of other investigators [13,15] and demonstrates
that the extraction and derivatization procedures em-
ployed do not result in retinoid isomerization. Good
agreement was obtained for the measured amounts of
rhodopsin (right eyes, by difference spectroscopy) and
11-cis-retinal (left eyes, by HPLC as oximes) (Fig. 2).
Approximately 500 pmol of visual pigment per dark
adapted mouse eye were found in this experiment
(mean 498, n11), a value in reasonable agreement
with those reported by other investigators [23,24]. Sam-
pling of retinoids at various times during constant
illumination indicated that the bleaching and regenera-
tion of visual pigments reached a steady state in less
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than 15 min (results not shown). An illumination period
of 60 min was employed for most studies. Sacrificing
the animals and dissecting the eyes in this illumination
resulted in the bleaching of 35% of the visual pig-
ment (see Section 4).
Bleaching of 30–40% of the visual pigment with
three flashes (Fig. 1(C) and 2(middle)) or constant
illumination (Fig. 1(D) and 2(lower)) generated primar-
ily all-trans-retinal (detected as the syn- and anti-retinal
oximes) and only a relatively small amount of all-trans-
retinol (5% of the total non-polar retinoids). Flash
illumination did not result in appreciable photoreversal,
as judged by the absorption maximum of extracted
rhodopsin at 498 nm (no isorhodopsin) and by HPLC
analysis of extracted retinoids (no 9-cis-retinal). Ani-
mals maintained at constant illumination appeared to
have approximately 15% more total polar retinoids
than dark adapted controls (compare Fig. 2(upper)
with Fig. 2(middle or lower)); however, this difference
was not statistically significant. When mouse eye cups
(or isolated retinas) were exposed to constant illumina-
tion, all-trans-retinol was the major retinoid that accu-
mulated, demonstrating significant differences between
in 6i6o conditions and those often used in biochemical
and electrophysiological experiments (results not
shown).
For most of the studies reported here, retinoids were
extracted from the posterior pole of the eyes, which
included retina, RPE and choroid. The site of accumu-
lation of all-trans-retinal was further localized by com-
parison of the trans-fraction of retinal oximes
(all-trans-retinal oxime:total oximes) in retinoids ex-
tracted from the posterior pole and from dissected
retina. Identical values of this fraction were found in
the two tissue fractions, indicating that all-trans-retinal
accumulates in the neural retina and most likely in
photoreceptor outer segments. Examination of the
retinoids present in the eyes of mice carrying a muta-
tion3 that causes photoreceptor cell degeneration pro-
vided further indication that the polar retinoids
observed in these studies were associated with photore-
ceptor cells. Histologic examination of these animals
revealed a nearly complete loss of photoreceptor cells
with a normal appearing retinal pigment epithelium.
Analyses revealed the presence of 4.7% of the normal
amount of polar retinoids and no detectable rhodopsin
(results not shown).
Retinyl esters were examined in separate analyses.
For dark adapted animals 200 pmol of retinyl ester
per eye (192972, n10) were found, similar to the
value of 280 pmol:per eye reported by Smith et al.
[25]. In animals subjected to constant illumination, the
retinyl ester pool size was 215994 (n8). The differ-
ence in the two ester pool sizes was not significant,
owing to considerable variation in the values obtained.
The isomeric composition of the retinyl ester pool in
the dark (97% all-trans- and 3% 11-cis-retinyl ester)
was not altered by constant or flash illumination.
3.2. Kinetic studies
The rates of visual pigment regeneration and decay
of all-trans-retinal in the dark were examined in ani-
mals subjected to constant illumination that established
a steady state of approximately 35% bleached visual
pigment. At intervals in the dark, rhodopsin concentra-
tions (right eyes) and retinoid compositions (left eyes)
were determined. Decay of all-trans-retinal (Fig. 3,
right panel) was complete in approximately 10 min
(t1:25 min) without substantial accumulation of all-
trans-retinol. This indicates that diffusion of all-trans-
retinol to the RPE and esterification are fast relative to
reduction of all-trans-retinal to all-trans-retinol. Regen-
eration of rhodopsin (Fig. 3, left panel) was complete in
about 15 min (t1:27 min). The similarity of the t1:2
values demonstrates that visual pigment regeneration
occurs only as fast as all-trans-retinal is reduced.
The rate of disappearance of all-trans-retinal was
compared in animals with approximately 35% of their
visual pigment bleached by either flash or constant
illumination. The results, shown in Fig. 4, indicate that
Fig. 3. Restoration of the dark adapted state after bleaching. The left
panel depicts the recovery of rhodopsin following constant illumina-
tion that bleached about 30% of the visual pigment. The right panel
depicts the return of the fraction of total oximes recovered in the
all-trans-configuration to the dark adapted level. The time required to
obtain tissue for biochemical analysis is long, relative to the rates of
bleaching and regeneration. Thus, the observed zero value shown
(filled circle) is an overestimate of the bleach level with constant light,
as discussed in the text. With the exception of zero time, all animals
were sacrificed and tissues dissected under dim, red illumination. The
estimated zero value (open circle) is an average of the upper and
lower limits of this true value. The half-times for the two processes
are similar (t1:25 and t1:27 min, respectively).
3 This is probably the rd mutation, which is present in the genetic
background of many strains of mice
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Fig. 4. Comparison of the time courses for disappearance in the dark of all-trans-retinal generated by three flashes (solid squares) or constant
illumination (solid circles). The ordinate is the fraction of total oximes recovered in the all-trans-configuration (the trans-fraction). The numbers
in parentheses are the number of experimental determinations. The half-times for the two processes differed by a factor of 3.4 (t1:25 and
t1:217 min, respectively). As discussed in the legend to Fig. 3, the zero value for the constant illumination is an estimate based on the upper
and lower limits of the methods (open circle).
decay of all-trans-retinal is approximately 3-fold faster
after constant illumination than after a flash (t1:25
and t1:217 min, respectively). A molecular explana-
tion for this phenomenon is not known with certainty,
although it has been observed by other investigators
(for example, [14]). It is possible that flash illumination
generates intermediates that rearrange to forms which
release all-trans-retinal more slowly.
We observed a regeneration half-time of 15 min
following a flash that bleached 30% of the mouse
visual pigment (Fig. 4). In albino rats, the time constant
for regeneration varies with the fraction of visual pig-
ment bleached [26], leading to complex regeneration
kinetics. However, after conversion to a half-life, the
time constant (t) reported for a 30% bleach (17 min) is
similar to our measured half-life t1:20.693t ; t17
min, t1:212 min, indicating that the pigmented mouse
behaves similarly to the albino rat in this regard.
3.3. Arrestin binding to photoreceptor membranes
The accumulation of all-trans-retinal during constant
illumination may generate active species of photolysed
rhodopsin (covalent and non-covalent) that are capable
of binding arrestin and:or its splice variant or prote-
olytic forms [4]. To test this possibility, ROS mem-
branes were isolated from the eyes of dark adapted
animals and from those exposed to constant illumina-
tion. This method provides only a qualitative indication
of changes in membrane-associated arrestin because
losses of soluble and membrane-associated, truncated
forms of arrestin during ROS membrane purification
are not known. As shown in Fig. 5, steady illumination
results in the accumulation of more membrane-associ-
ated arrestin compared with the dark adapted controls.
The truncated forms of arrestin also showed a similar
accumulation but to a lesser degree, most likely because
they are membrane-associated even in the dark [27,28].
These studies are the first to demonstrate arrestin bind-
ing in 6i6o in a vertebrate retina and are in agreement
with the proposed role of arrestin in phototransduction.
The role of arrestin in the visual cycle is unclear at this
point and requires further studies.
4. Discussion
Much of our present view of the visual cycle results
from measurements of retinoids in the eye present in
the dark or following extensive bleaching. Early studies
employing this approach were important in demon-
strating the processing of retinoids in both retina and
RPE and the flow of retinoids between these two tissues
[13–16]. Several considerations suggested that further
application of this approach would help resolve some
of the remaining questions. First, HPLC analysis of
retinoids now offers much better resolution and quan-
tification than methods available to pioneering investi-
gators. Second, the albino rat, employed in many of the
early studies, is very susceptible to light damage [29]
and, in contrast to other vertebrates, does not accumu-
late retinyl esters in its RPE [13]. Third, the intense
light used to bleach visual pigments in many early
studies results in slower regeneration (in rodents) than
steady-state illumination [14] and poorly mimics physi-
ological illumination. Finally, knowledge of the visual
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cycle acquired over several decades of study now per-
mits additional hypothesis-directed experiments.
We chose pigmented mice for our studies not only
because they are easily handled and cared for under
different lighting conditions, but also because advances
in genetic engineering now permit the targeted disrup-
tion of genes. Establishment of the normal values for
visual cycle retinoids in these animals will provide the
foundation for subsequent studies of animals bearing
specific point or null mutations in genes coding for
visual cycle and phototransduction enzymes and
proteins.
4.1. Experimental time resolution
Retinal densitometry has established that a steady-
state level of bleached visual pigment is reached in
humans subjected to various levels of constant illumina-
tion, in which bleaching and regeneration rates are
equal [11]. The time-resolution of our biochemical pro-
cedures does not allow an estimation of this steady-
state level without perturbing it. For example,
sacrificing the animals and dissecting the eyes (60 s)
in constant light allows bleaching to continue undimin-
ished, while the regeneration rate decays slowly after
death of the animal and results in an observed 35%
bleach of visual pigment. Sacrificing the animals in the
dark produces the converse situation, namely instant
arrest of bleaching with slow decay of the regeneration
rate and an observed 15% visual pigment bleach.
The true steady-state level of bleached visual pigment is
likely to lie between these two extremes. In the experi-
ments described here, animals subjected to constant
illumination were sacrificed and tissues dissected in the
light. All other animals were sacrificed and tissues
dissected under dim, red illumination.
4.2. All-trans-retinal accumulates in bleached retinas
Our studies reveal that all-trans-retinal is the only
polar retinoid to accumulate in the rod-dominated
mouse retina during steady-state and flash illumination.
It is also interesting to note that the fraction of retinals
in the all-trans-configuration mirrored the fraction of
bleached visual pigment. For example, an illumination
level that bleached 30% of the visual pigment converted
approximately 30% of the retinals to the all-trans-
configuration. This demonstrates that there is little
accumulation of opsin under these conditions, a result
that will be discussed below in its relationship to
bleaching adaptation. The failure to observe an accu-
mulation of other polar retinoids indicates that all steps
in the regeneration cycle subsequent to the reduction of
all-trans-retinal by all-trans-retinol dehydrogenase [30]
are rapid.
Identification of the retinoids that accumulate during
or following illumination provides information about
the slowest step in the cycle. If oxidation of 11-cis-
retinol were the slow step, this retinoid would accumu-
late during bleaching. Similarly, if isomerization or
hydrolysis of retinyl esters were the slow step, one
would observe an expansion of the retinyl ester pool
and:or alteration in its isomeric composition. If trans-
port of all-trans-retinol to RPE or its esterification were
the slow step, all-trans-retinol would accumulate. Our
results, which demonstrate an accumulation of all-
trans-retinal, suggest that all-trans-retinol dehydroge-
nase [30] catalyses the rate-limiting step of the visual
cycle.
This conclusion is bolstered by the observation that
the rate of decay of all-trans-retinal in the dark was
approximately equal to the rate of visual pigment re-
generation (Fig. 3). Thus, all-trans-retinal was slowly
reduced and all-trans-retinol was promptly used to
produce 11-cis-retinal for the regeneration of
rhodopsin.
Fig. 5. Analysis of proteins in ROS membranes isolated from the eyes
of dark adapted mice (D) or mice exposed to constant illumination
(L). (A) SDS–PAGE analysis. ROS membranes were prepared from
20 eyes as described in Materials and Methods. A fraction of the
membrane preparation (10 ml, the equivalent of two eyes) was ana-
lyzed using 12.3% polyacrylamide gels and stained with Coomassie
Brilliant Blue R-250. Lane 1, proteins of known molecular weights
(from the top in kDa: 92, 67, 43, 30, 21; from Pharmacia-LKB); lane
D, SDS-soluble extract from ROS membranes isolated from the eyes
of dark adapted mice; lane L, SDS-soluble extract from ROS mem-
branes isolated from eyes of mice exposed to constant illumination
(arrow indicates the position of arrestin). (B) Immunoblot. Reactivity
of SDS-soluble extracts with anti-arrestin (mAb S 65-38-32, a gift
from P. A. Hargrave). Lane D, SDS-soluble extract (10 ml, equivalent
of two eyes) from ROS membranes isolated from eyes of dark
adapted mice; lane L, SDS-soluble extract (10 ml, equivalent to two
eyes) from ROS disk membranes isolated from eyes of mice exposed
to constant illumination. The large arrow indicates the position of
arrestin and the small arrow indicates the position of splice forms or
proteolytic products of arrestin.
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Nearly all the retinyl esters of mice employed in our
studies were of the all-trans-configuration (\95%) and
the isomeric composition did not change during bleach-
ing. Thus, regeneration of visual pigment had to de-
pend nearly entirely on de no6o generation of
11-cis-retinoids by the isomerohydrolase [31]. Constant
illumination appeared to produce an expansion of the
retinyl ester pool by approximately 12%; however, con-
siderable variation in the values for retinyl esters was
observed, perhaps related to using a heterogeneous
pool of animals and the difference in the size of the
pool in dark adapted and illuminated animals was not
statistically significant. A more precise determination of
changes in the retinyl ester pool will require further
experimentation with a more homogeneous population
of mice.
The generation of all-trans-retinal following flash
illumination is in agreement with previous investiga-
tions [13,15] and its accumulation during constant illu-
mination is consistent with spectroscopic studies that
have demonstrated the persistence of bleaching interme-
diates containing all-trans-retinal (meta III and N-
retinyl phosphatidylethanolamine) (discussed in
Alpern[11] and Lewis et al. [32]).
4.3. Schiff base hydrolysis
Although reduction of all-trans-retinal would appear
to be the rate-limiting step of the regeneration cycle
based on observations reported here, we think it is
likely that the rate of reduction is limited by the rate of
delivery of all-trans-retinal to all-trans-retinol dehydro-
genase. Constant illumination of the retina generates
steady-state levels of a number of species present in the
phototransduction cascade as reactions responsible for
their production and decay reach equilibrium. Release
of all-trans-retinal from several of these species by
hydrolysis of the protonated Schiff base is likely to
occur at various rates. For instance, addition of ATP to
a bleached photoreceptor membrane preparation re-
duced the rate of reduction of all-trans-retinal gener-
ated by bleaching, probably by phosphorylation of
opsin and production of stable complexes with arrestin
[33,4]. Thus, the rate-limiting reaction of the visual
cycle may be hydrolysis of the Schiff base and:or
release of all-trans-retinal from photoactivated
complexes.
4.4. Rele6ance to aging
Recently an orange, fluorescent pigment consisting of
two moles of retinal and one mole of ethanolamine was
isolated from lipofuscin, the aging pigment that accu-
mulates in RPE [34]. Shedding of rod outer segment
tips and phagocytosis by the retinal pigment epithelium
occurs in mammals shortly after onset of illumination
in the morning [35]. Our results indicate that illumina-
tion would rapidly generate substantial amounts of
all-trans-retinal, which would then be present in shed
and phagocytosed outer segment disks and could serve
as substrate for the postulated condensation reactions.
4.5. All-trans-retinal could be depleted by an aromatic
amine
Antischistosomal aromatic amines cause night blind-
ness by inhibiting rhodopsin regeneration in individuals
taking these drugs [36]. It has been proposed that the
mechanism of this inhibition involves ‘‘short-circuiting’’
of the visual cycle by Schiff base formation between
these aromatic amines and 11-cis-retinal, thereby
catalysing isomerization to all-trans-retinal [37]. How-
ever, our results suggest that all-trans-retinal accumu-
lates during steady-state bleaching. Schiff base
formation between all-trans-retinal and the aromatic
amines could also deprive the visual cycle of substrate
with eventual depletion of 11-cis-retinal.
4.6. All-trans-retinal:opsin complexes could be in6ol6ed
in desensitization
Bleaching of visual pigments is accompanied by a
decrease in the sensitivity of the visual system that
cannot be accounted for solely by the decrease in the
amount of visual pigment available for photon absorp-
tion, a phenomenon known as bleaching adaptation or
light adaptation. The molecule active in setting the
sensitivity has not been identified with certainty, al-
though opsin has been suggested (reviewed in Crouch et
al. [8]. Because our results demonstrate relatively large
amounts of all-trans-retinal in a rod-dominated retina
undergoing constant illumination, an active species con-
sisting of a complex of opsin and all-trans-retinal (per-
haps noncovalent) [38,39,33] needs to be given more
consideration. Another intriguing possibility is that
during steady-state illumination the majority of the
activated all-trans-retinal-phosphorylated opsin com-
plex is withheld from the regeneration:bleaching cycle.
This hypothesis is in agreement with the prolonged
existence of phosphorylated opsin in 6i6o [20] and the
presence of arrestin in bleached membranes, as demon-
strated in this study.
Acknowledgements
The authors would like to thank Dr Annie Otto-Bruc
for assistance. This study was supported by National
Institutes of Health grants EY02317 (JCS), EY009339
(KP), EY01730, by an unrestricted award from Re-
search to Prevent Blindness (RPB) and by an award
from the Royalty Research Fund of the University of
J.C. Saari et al. : Vision Research 38 (1998) 1325–1333 1333
Washington. JCS is an RPB Senior Scientific Investiga-
tor and KP is the recipient of a Jules and Doris Stein
RPB Professorship.
References
[1] Koutalos Y, Yau K-W. Regulation of sensitivity in vertebrate
rod photoreceptors by calcium. Trends Neurosci 1996;19:73–81.
[2] Polans A, Baehr W, Palczewski K. Turned on by Ca2! The
physiology and pathology of Ca2-binding proteins in the
retina. Trends Neurosci 1996;19:547–54.
[3] Wald G. Molecular basis of visual excitation. Science
1968;162:230–9.
[4] Hofmann KP, Pulvermu¨ller A, Buczylko J, Van Hooser JP,
Palczewski K. The role of arrestin and retinoids in the regenera-
tion pathway of rhodopsin. J Biol Chem 1992;267:15701–6.
[5] Buczylko J, Saari JC, Crouch RK, Palczewski K. Mechansims of
opsin activation. J Biol Chem 1996;271:20621–30.
[6] Fain GL, Matthews HR, Cornwall MC. Dark adaptation in
vertebrate photoreceptors. Trends Neurosci 1996;19:502–7.
[7] Bok D. Processing and transport of retinoids by the retinal
pigment epithelium. Eye 1990;4:326–32.
[8] Crouch RK, Chader GJ, Wiggert B, Pepperberg DR. Retinoids
and the visual process. Photochem Photobiol 1996;64:613–21.
[9] Saari JC. Retinoids in photosensitive systems. In: Sporn MB,
Roberts AB, Goodman DS, editors. The Retinoids: Biology,
Chemistry and Medicine. 2nd ed. New York: Raven Press,
1994:351–385.
[10] Simon A, Hellman U, Wernstedt C, Eriksson U. The retinal
pigment epithelial-specific 11-cis-retinol dehydrogenase belongs
to the family of short chain alcohol dehydrogenases. J Biol
Chem 1995;270:1107–12.
[11] Alpern M. Rhodopsin kinetics in the human eye. J Physiol
1971;217:447–71.
[12] Alpern M, Maaseidvaag F, Ohba N. The kinetics of cone visual
pigments in man. Vis Res 1971;11:539–49.
[13] Dowling JE. Chemistry of visual adaptation in the rat. Nature
1960;188:114–8.
[14] Dowling JE, Hubbard R. Effects of brilliant flashes on light and
dark adaptation. Nature 1963;199:972–5.
[15] Zimmerman WF. The distribution and proportions of vitamin A
compounds during the visual cycle in the rat. Vis Res
1974;14:795–802.
[16] Zimmerman WF, Yost MT, Daemen FJM. Dynamics and func-
tion of vitamin A compounds in rat retina after a small bleach of
rhodopsin. Nature 1974;250:66–7.
[17] Tansley K. The regeneration of visual purple: its relation to dark
adaptation and night blindness. J Physiol 1931;71:442–58.
[18] Noell WK, Delmelle MC, Albrecht R. Vitamin A deficiency
effect on retina: dependence on light. Science 1971;172:72–6.
[19] Andrews EJ, Bennett BT, Clark JD, Houpt KA, Pascoe PJ,
Robinson GW, Boyce JR. American veterinary medical associa-
tion panel on Euthanasia. J Am Vet Med Assoc 1993;202:229–
49.
[20] Ohguro H, Van Hooser JP, Milam AH, Palczewski K.
Rhodopsin phosphorylation and dephorylation in 6i6o. J Biol
Chem 1995;270:14259–62.
[21] Landers GM, Olson JA. Rapid, simultaneous determination of
isomers of retinal, retinal oxime and retinol by high-performance
liquid chromatography. J Chromatgr 1988;438:383–92.
[22] Bridges CDB, Alvarez RA. Measurement of the vitamin A cycle.
Methods Enzymol 1982;81:463–85.
[23] Carter-Dawson L, Alvarez RA, Fong S-L, Liou GI, Sperling
HG, Bridges CDB. Rhodopsin, 11-cis vitamin A and interstitial
retinol-binding protein (IRBP) during retina development in
normal and rd mutant mice. Dev Biol 1986;116:431–8.
[24] Joseph RM, Li T. Overexpression of Bcl-2 or Bcl-XL transgenes
and photoreceptor degeneration. Invest Ophthalmol Vis Sci
1996;37:2434–46.
[25] Smith SB, Duncan T, Kutty G, Kutty RK, Wiggert B. Increase
in retinyl palmitate concentration in eyes and livers and the
concentration of interphotoreceptor retinoid-binding protein in
eyes of vitiligo mice. Biochem J 1994;300:63–8.
[26] Perlman I. Kinetics of bleaching and regeneration of rhodopsin
in abnormal (RCS) and normal albino rats in 6i6o. J Physiol
1978;278:141–59.
[27] Palczewski K, Buczylko J, Ohguro H, Annan RS, Carr SA,
Crabb JW, Kaplan MW, Johnson RS, Walsh KA. Characteriza-
tion of a truncated form of arrestin isolated from bovine rod
outer segments. Protein Sci 1994;3:314–24.
[28] Palczewski K, Smith WC. Splice variants of arrestins. Exp Eye
Res 1996;63:599–602.
[29] Noell WK, Walker VS, Kang BS, Berman S. Retinal damage by
light in rats. Invest Ophthalmol 1966;5:450–73.
[30] Wald G, Hubbard R. The reduction of retinene1 to vitamin A1 in
6itro. J General Physiol 1949;32:367–89.
[31] Rando RR, Bernstein PS, Barry RJ. New insights into the visual
cycle. In: Osborne N, Chader GJ, editors, Progress in Retinal
Research. Oxford: Pergamon Press, 1991:161–178.
[32] Lewis JW, van Kuijk FJGM, Carruthers JA, Kliger DS.
Metarhodopsin III formation and decay kinetics: comparison of
bovine and human rhodopsin. Vis Res 1996;37:1–8.
[33] Palczewski K, Ja¨ger S, Buczylko J, Crouch RK, Bredberg DL,
Hofmann KP, Asson-Batres MA, Saari JC. Rod outer segment
retinol dehydrogenase: substrate specificity and role in photo-
transduction. Biochemistry 1994;33:13741–50.
[34] Sakai N, Decatur J, Nakanishi K, Eldred GE. Ocular age
pigment ‘‘A2-E’’: an unprecedented pyridinium bisretinoid. J Am
Chem Soc 1996;118:1559–60.
[35] LaVail MM. Rod outer segment disk shedding in rat retina:
relationship to cyclic lighting. Science 1976;194:1071–4.
[36] Goodwin LG, Richards WHG, Udall V. The toxicity of di-
aminodiphenoxyalkanes. Br J Pharmacol 1957;12:468–74.
[37] Bernstein PS, Lichtman JB, Rando RR. Short-circuiting the
visual cycle with retinotoxic aromatic amines. Proc Natl Acad
Sci USA 1986;83:1632–5.
[38] Ja¨ger S, Palczewski K, Hofmann KP. Opsin:all-trans-retinal
complex activates transducin by different mechanisms than pho-
tolyzed opsin. Biochemistry 1996;35:2901–8.
[39] Jin J, Crouch RK, Corson DW, Katz BM, MacNichol EF,
Cornwall MC. Noncovalent occupancy of the retinal-binding
pocket of opsin diminishes bleaching adaptation of retinal cones.
Neuron 1993;11:513–22.
.
